Background: Multi-targeted vascular endothelial growth factor receptor (VEGFR) tyrosine kinase inhibitors (TKIs) are known to cause cardiac toxicity, but the relative risk (RR) of QTc interval prolongation and serious arrhythmias associated with them are not reported.
Several multi-targeted vascular endothelial growth factor receptor (VEGFR) tyrosine kinase inhibitors (TKI) have been approved by the US FDA including sunitinib, sorafenib, pazopanib, axitinib, vandetanib, cabozantinib, ponatinib and regorafenib. However, these agents may also target kinases that are essential for cardiac function. Multiple reports of QT prolongation in patients exposed to TKIs have emerged, some of which have been associated with ventricular arrhythmia and sudden death (Strevel et al, 2007; Schmidinger et al, 2008; Bello et al, 2009; Shah et al, 2013) .
On the EKG, the QT interval is measured from the beginning of the QRS complex to the end of the T wave in the lead without prominent U waves (Zipes et al, 2005) . Several formulae, the Bazett, Fridericia, Framingham and Hodges formulae, correct QT (QTc) for heart rate variability and an interval of 4450 ms for men and 460 ms for women is generally accepted as upper limit of normal (Bazett, 1920; Fridericia, 1920; Hodges et al, 1983; Sagie et al, 1992; Al-Khatib et al, 2003) . Ventricular arrhythmias, particularly torsades de pointes (TdP), correlate with a QTc interval of 4500 ms (Bednar et al, 2001 ).
To balance the efficacy and safety of experimental drugs, two International Conference of Harmonisation (ICH) guidelines were released in 2005 that recommend preclinical and clinical studies to assess the effect of a drug on ventricular repolarisation. The preclinical evaluation consists of in vitro and in vivo testing of a drug's ability to block an important potassium ion channel involved in QTc prolongation, the human ether-a-go-go-related gene potassium ion channels (hERG K þ ) (Sanguinetti and Mitcheson, 2005) . The clinical evaluation, called 'thorough QT/ QTc' study (TQT), recommends further trials using supratherapeutic doses in healthy volunteers by using a positive control and a placebo group. However, the feasibility of these evaluations in anticancer agents has been questioned as cancer agents cannot be studied in healthy volunteers, and placebo use in cancer patients may be controversial. For convenience, oncology trials have adapted alternative protocol designs other than the TQT study to address the question of drug-induced QTc prolongation (Strevel et al, 2007) . Thus, the cardiac safety of all approved VEGFR TKIs has not been studied in the same manner. Given this, we performed a large trial-level meta-analysis of randomised clinical trials (RCTs) to evaluate and better quantify the impact of VEGFR TKIs on QTc interval prolongation and resulting serious arrhythmias.
MATERIALS AND METHODS
Selection of studies. An independent review of citations in the English language from PubMed/Medline from January 1966 to December 2013 was conducted. Key words included in the search were RCT, sunitinib, sorafenib, pazopanib, axitinib, vandetanib, cabozantinib, ponatinib and regorafenib. Abstracts and virtual meeting presentations from major conferences -American Society of Clinical Oncology (ASCO), European Society of Medical Oncology (ESMO) and American Association of Cancer Research (AACR) -were reviewed from January 2008 to April 2014. Updated manufacturer's package inserts and clinicaltrials.gov were also searched. Phase II and III RCTs comparing arms with and without a VEGFR TKI were selected. We excluded trials that contained a VEGF inhibitor or a TKI in all arms. Study quality was assessed by using the five-point Jadad ranking system (Jadad et al, 1996) . Trials that did not list QTc prolongation as an adverse event in any arm were excluded.
Data extraction and clinical end points. Data abstraction was conducted independently by three investigators (PG, YJ and GS) according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement (Liberati et al, 2009 ). The variables extracted are shown in Table 1 . The Common Terminology Criteria for Adverse Events (CTCAE) version 3.0, used by all trials, defines grade 1 QTc prologation as 450-470 ms and grade 2 QTc prolongation as 471-500 ms or 460 ms change from baseline, both of which comprise low-grade QTc prolongation events. High-grade QTc prolongation consists of Grade 3 QTc prolongation defined as QTc X501 ms and grade 4 prolongation consisting of serious arrhythmias like TdP, polymorphic ventricular tachycardia or an arrhythmia with life-threatening signs or symptoms like CHF, hypotension, shock or syncope.
Statistical analysis. All statistical analyses were carried out by using Stata/SE version 12.0 software (Stata, College Station, TX, USA). For the calculation of incidence, the number of patients exposed to VEGFR TKI and those with all-grade and high-grade QTc prolongation were extracted from individual selected clinical trials. Using the extracted data, we also calculated relative risks (RRs) and 95% CIs of all-grade and high-grade QTc prolongation in cancer patients assigned to VEGFR TKI vs controls in the same trial. For trials reporting zero events in a treatment or control arm, we applied a classic half-integer continuity correction to calculate the incidences, RRs and their variances.
To compute a summary incidence and RR of all-grade and highgrade QTc prolongation, we combined study-specific estimates using both fixed effects models using the Mantel Haenszel method and random effects models using the DerSimonian and Laird method that considers both inter-and intra-study variations (DerSimonian and Laird, 1986) . Statistical heterogeneity among trials included in the meta-analysis was assessed using the Cochran Q statistic (Cochran, 1954) , and the heterogeneity was quantified by calculating the I 2 statistic (100%) (Q À df)/Q) that estimates the percentage of total variation due to heterogeneity between trials (Higgins et al, 2003) . The assumption of homogeneity was considered invalid for Po0.10, and the results from the random effects model were presented when a substantial heterogeneity was found. When there is no evidence of heterogeneity, the random effects estimates are essentially the same as the fixed effects estimate.
Subset analyses were conducted to examine whether the RRs of all-grade QTc prolongation varied by the type of VEGFR TKI, phase of trial (phase 2 vs 3), EKG monitoring done at regular intervals in the trial (yes vs no), duration of treatment (greater vs lesser than the median duration of all trials) and only for vandetanib, 100 mg vs 300 mg dose. Finally, we evaluated publication bias for all-grade QTc prolongation through funnel plots (i.e., plots of trial results against precision) and with the Begg's (Begg and Mazumdar, 1994 ) and Egger's regression asymmetry tests (Egger et al, 1997) . A two-tailed P-value of 0.05 was considered statistically significant.
RESULTS
Search results. Our search yielded a total of 94 potentially relevant RCTs comparing arms with or without a VEGFR TKI. Of these, 76 trials were excluded for not listing specific information on QTc prolongation as an adverse event in any of the arms. Figure 1 represents the selection process. The remaining 18 trials were considered highly relevant for the meta-analysis (9 phase II and 9 phase III trials) ( Table 1) (Arnold et al, 2007; Heymach et al, 2007; Kim et al, 2009; Yang et al, 2009; Barrios et al, 2010; Herbst et al, 2010; Sternberg et al, 2010; deBoer, 2011; Kindler et al, 2011; Loriot et al, 2011; Hsu et al, 2012; Leboulleux et al, 2012; Lee et al, 2012; Van der Graaf et al, 2012; Wells et al, 2012; Ahn et al, 2013; Crown et al, 2013) . The trials enrolled patients with pancreatic cancer (n ¼ 1), breast cancer (n ¼ 2), thyroid cancer (n ¼ 2), colorectal cancer (n ¼ 2), prostate cancer (n ¼ 1), non-small-cell lung cancer (n ¼ 5), small-cell lung cancer (n ¼ 1), biliary tract cancer (n ¼ 1), renal cell carcinoma (RCC; n ¼ 1), soft-tissue sarcoma (n ¼ 1) and hepatocellular cancer (HCC; n ¼ 1).
When examining by agent, sunitinib was investigated in 2 trials (910 patients), pazopanib in 2 trials (804 patients), vandetanib in 13 trials (4204 patients) and axitinib in 1 trial (630 patients). All trials evaluating axitinib, pazopanib and sunitinib used a dose of 5 mg twice daily, 800 mg daily and 37.5 mg daily, respectively. The doses of vandetanib were 300 mg daily in 6 trials (1715 patients) and 100 mg daily in 2 trials (1912 patients). Five trials with vandetanib contained 2 separate arms with doses of 100 mg (192 patients) and 300 mg daily (193 patients). We combined these arms for the meta-analysis. Nine trials used a design of chemotherapy with or without TKI, 8 trials compared TKI alone with placebo and 1 trial compared bicalutamide alone or combined with TKI. Population characteristics. A total of 6548 patients were available for the meta-analysis: 3737 in the TKI group and 2811 in the control group. Patients were generally required to have an Eastern Cooperative Oncology Group (ECOG) performance status 0-1, adequate organ function and no brain metastasis. In one trial of axitinib (Kindler et al, 2011) and one trial of pazopanib (Van der Graaf et al, 2012), no EKG monitoring was performed, and in all other trials, EKG monitoring was performed at baseline and periodically throughout the study. We could not delineate if EKG monitoring was performed in one abstract presentation, as the report did not explicitly address it (NCT00753675). We assume here that EKG monitoring was not performed. Two trials excluded patients who were using concomitant QTc prolonging drugs (Arnold et al, 2007; Hsu et al, 2012) and three trials excluded patients with congenital or acquired QTc prolongation ( Relative risk of all-grade QTc prolongation events. All-grade QTc prolongation occurred in 165 of 3737 (4.41%) patients receiving VEGFR TKIs. In the non-TKI group, all-grade QTc prolongation occurred in 7 of 2811 (0.25%) patients. Subjects in the VEGFR TKI group were at a significantly higher risk for allgrade QTc prolongation than subjects in the non-TKI group (RR ¼ 8.66, 95% CI 4.92-15.2, Po0.001) with no evidence of heterogeneity (Q ¼ 10.49, P ¼ 0.882, I 2 ¼ 0.0%; Figure 2 ). There was no evidence for publication bias for the RR of all-grade QTc interval prolongation by either the Begg's test (P ¼ 0.06) or Egger's test (P ¼ 0.61).
Relative risk of high-grade QTc prolongation events and highgrade arrhythmias. High-grade QTc prolongation occurred in 31 of 3737 (0.83%) patients receiving VEGFR TKIs and in 1 of 2811 patients in the non-TKI group (0.03%). Subjects in the VEGFR TKI group were at a greater risk of QTc prolongation than those in the non-TKI group (RR ¼ 2.69, 95% CI 1.33-5.44, P ¼ 0.006; Figure 3 ) with no significant heterogeneity (Q ¼ 10.36, P ¼ 0.888, I 2 ¼ 0.0%). Reported high-grade/serious arrhythmias and sudden deaths in patients with QTc prolongation exposed to VEGFR TKI (n ¼ 3737) and placebo (n ¼ 2811) respectively included: atrial fibrillation (11 vs 19), atrial flutter (3 vs 2), ventricular tachycardia (1 vs 0), TdP (3 vs 0), cardiac arrest (3vs 5) and sudden cardiac death (1 vs 2).
Subset analysis based on type of drug and trial. In the metaanalysis by drug type, we found a significantly increased risk of allgrade QTc interval prolongation among patients treated with vandetanib (n ¼ 2432; RR ¼ 9.63, 95% CI 5.14-18.0, Po0.001) and sunitinib (n ¼ 455; RR ¼ 9.01, 95% CI 1.15-70.7, P ¼ 0.04), whereas no significant association was found in those treated with pazopanib (n ¼ 536; RR ¼ 1.51, 95% CI 0.16-4.41, P ¼ 0.72) or axitinib (n ¼ 314; RR ¼ 3.02, 95% CI 0.12-73.8, P ¼ 0.50; Figure 3 ). Patients exposed to 300 mg vandetanib (n ¼ 1291) had a greater risk (RR ¼ 10.6, 95% CI 5.31-21.2, Po0.001) than patients exposed to 100 mg vandetanib (n ¼ 1141; RR ¼ 4.83, 95% CI 1.94-12, P ¼ 0.001). There was no difference in QTc prolongation between phase II or III trials (P ¼ 0.54).
Subset analysis based on EKG monitoring. Meta-analysis of trials that had EKG monitoring (n ¼ 15) showed that the RR for all-grade QTc interval prolongation was 9.74 (95% CI: 5.27-18.0, Po0.001). The RR derived from the meta-analysis of trials without EKG monitoring (n ¼ 3) was 3.05 (95% CI: 0.68-13.75, P ¼ 0.15). However, there was no significant difference in RRs based on EKG monitoring (P ¼ 0.30).
Subset analysis based on duration of treatment. Patients who may stay longer on a treatment arm may be more prone to develop events. To identify whether VEGFR TKI treatment duration influences the incidence of all-grade QTc interval prolongation, we compared the incidence of QTc interval prolongation among trials with short median duration of therapy (arbitrarily defined as less than the median duration of all trials) vs those with long median duration of therapy (defined as greater than the median duration of all trials). Fifteen trials provided information on median duration of treatment, and there was no significant difference in incidences of QTc interval prolongation (P ¼ 1.0; 
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Test for heterogeneity: Q =10.49, P=0.882, I 2 =0.0% feasible for oncologic drugs. This prompted us to perform the first and largest study evaluating the risk of QTc prolongation and serious arrhythmias associated with all US FDA-approved VEGFR TKIs as of December 2013. In this analysis of 6548 patients, 18 randomised phase II and III trials using approved VEGFR TKIs (sunitinib, sorafenib, pazopanib, axitinib, vandetanib, cabozantinib, ponatinib and regorafenib) were included. We did not include phase I trials in our meta-analysis as they are nonrandomised and include a wide range of drug doses. In addition, we did not include trials containing a VEGFR blocker or TKI in all arms. We observed a significant 8. Only one trial is available, and we thus did not conduct a meta-analysis for axitinib.
with controls not receiving TKIs. The risk of high-grade QTc prolongation was also significant (RR ¼ 2.69, 95% CI 1.33-5.44, P ¼ 0.006). Interestingly, longer duration of therapy did not appear to significantly increase the RR, suggesting that the risk may be stable over time and early detection may play a clinical role in preventing fatal outcomes. In the study by Bello et al (2009) evaluating the pharmacokinetics of sunitinib, the time at which the maximum change in QTc interval occurred did not correlate well with the time at which the concentration of the drug was maximum, indicating that there may be a lag time for QTc prolongation. However, we have not been able to detect pharmacokinetic studies where the correlation between the duration of drug exposure and QTc prolongation is studied.
In the preclinical and phase I studies for VEGFR TKIs, sunitinib and vandetanib were found to be at a higher risk for QTc prolongation than other TKIs. In the pivotal clinical trial for vandetanib (n ¼ 331) (Wells et al, 2012 ) the mean increase in QTc interval was 35 ms with an increase of 460 ms in 35.5% of the patients (FDA). Bello et al (2009) reported, in their TQT evaluation of sunitinib, a dose-dependent increase in QTc with mean maximum increase from 9.6 ms at therapeutic concentrations and 15.4 ms at supratherapeutic concentrations (n ¼ 48). These data are consistent with our study -the RR of QTc prolongation for vandetanib (RR ¼ 9.63, 95% CI 5.21-18.3, Po0.001) and sunitinib (RR ¼ 9.01, 95% CI 1.15-70.7, P ¼ 0.036). Moreover, patients exposed to 300 mg dose of vandetanib were at a higher risk of QTc prolongation than those exposed to 100 mg dose. The fact that the risk for QTc prolongation may be concentration dependent becomes increasingly important when taking into consideration drug interactions caused by concomitant medications that can increase VEGFR TKI exposure. As many VEGFR TKIs are metabolised by cytochrome P450 (CYP) 3A4A, there is a significant potential for potent CYP3A4 inhibitors to increase VEGFR TKI concentration and toxicities including QTc prolongation. A drug interaction study on TKIs done by the Mayo Clinic reported co-prescribing rates of 24-74% with concomitant medications that may increase TKI toxicity (Bowlin et al, 2013) . Monitoring for potential interacting medications by a physician or a pharmacist is vital to safely prescribe VEGF TKIs to patients in the community.
Although the other TKIs, pazopanib and axitinib, did not demonstrate statistically significant increases in RRs, this may be limited by power -two trials evaluating pazopanib (totalling 804 patients) and a single trial evaluating axitinib (including 630 patients). Moreover, for the single axitinib trial, no EKG monitoring was performed, and similarly for pazopanib, for which only one of two trials had EKG monitoring. Houk et al (2008) reported a small effect of axitinib on QTc interval (o10 ms) (n ¼ 32) and Heath et al (2013) found no significant concentration-dependent effect of pazopanib on QTc interval when randomising patients to pazopanib or moxifloxacin (n ¼ 96). We did not find any eligible trials of sorafenib, regorafenib, ponatinib or cabozantinib reporting QTc prolongation. On reviewing the effects of the anti-angiogenic monoclonal antibody bevacizumab on QTc, no RCTs report QTc prolongation, suggesting that the mechanism may be unrelated to inhibiting the VEGF signalling axis. Moreover, an RCT for aflibercept, a more promiscuous recombinant human fusion protein that binds to VEGF-A and VEGF-B, reported a small increase in QTcF (maximum mean increase of 8.4 ms) (Maison-Blanche et al, 2013) .
Mechanistically, drug-induced QTc interval prolongation is thought to be directly caused by a drug's three-dimensional molecular structure interacting with myocardial hERG K þ channels that results in impeded electrical flow and delayed impulse conduction (Sanguinetti and Mitcheson, 2005) . Preclinical studies of sunitinib and vandetanib, but not other VEGFR TKIs, showed that they interact with hERG K þ (Health Canada Summary Basis of Decision, 2014a,b) . Another proposed mechanism of QTc prolongation that is not tested in preclinical studies is inhibition of hERG K þ channel protein trafficking. Interference with the process of taking the hERG channel chaperone proteins leaving the endoplasmic reticulum towards the plasma membrane leads (potentially through drug-induced misfolding or drug-drug alteration of protein/chaperone interactions) to reduced hERG K þ current. (Obers et al, 2010; Dennis et al, 2012) , thereby affecting cardiac repolarisation. Baseline cardiovascular status and electrolyte imbalances also contribute to QTc prolongation. In addition, concomitant medications with their own potential to prolong QTc interval can additively impact the risk caused by VEGKR TKIs. Particularly important are the medications that are commonly needed in the oncology setting for symptom management: antiemetics such as ondansetron, palosetron, granisetron, prochlorperazine, and olanzapine, analgesics such as methadone and antidepressants such as citalopram, escitalopram, venlafaxine, sertraline and mirtazepine. The Arizona Center for Education and Research on Therapeutics has created a comprehensive list of medications and has classified them according to their potential to prolong QTc (https://www.crediblemeds.org/). Clinicians can refer to this database to identify concomitant medications with a potential to prolong QTc when initiating patients on VEGFR TKIs.
The disproportionate number of trials with vandetanib in our meta-analysis (13 out of 18 trials) may reflect stricter EKG monitoring in these patients. Indeed, on reviewing all available published RCTs in PubMed with or without TKI, we found that EKG monitoring was performed at regular intervals in all but one vandetanib trial, 50% of sunitinib trials, 50% of pazopanib trials, 11% of sorafenib trials and none of the axitinib trials. Few eligible RCTs for regorafenib (n ¼ 2), cabozantinib (n ¼ 1) and ponatinib (n ¼ 0) were available, and all of these had monitored EKG but did not report QTc prolongation in any arm. The lack of routine QTc monitoring in patients receiving sorafenib, axitinib and pazopanib may be because of the fact that significant QTc prolongation was not reported in the preclinical and phase I studies for these drugs (Tolcher et al, 2011; Pithavala et al, 2012; Heath et al, 2013) . Confounding variables at the patient level, such as comorbidities, age and previous chemotherapeutic exposure, could not be incorporated into the analysis. Nevertheless, meta-analyses are considered reasonable to study rare events that cannot be comprehensively studied in prospective trials. Studies suggest that trial-level and patient-level meta-analyses yield similar results (Landry et al, 2010) .
It is important to note that the rate of serious arrhythmias, and especially TdP, did not seem to be elevated even in the group of patients who developed high-grade QTc prolongation. However, this does not imply the lack of correlation between QTc prolongation and serious arrhythmias. It should be noted that most trials in our study had EKG monitoring or/and frequent visits, and included relatively healthy populations with stable cardiac function. This may not necessarily apply to the general population. Unsurprisingly, the rates of treatment modifications because of adverse events tend to be higher in community practice (Feinberg et al, 2012; Oh et al, 2014) than what is generally reported in clinical trials. Furthermore, recent data suggest that the number of patients who are ineligible for clinical trials is substantial and their outcomes in terms of survival and time on therapy are inferior (Choueiri et al, 2010; Heng et al, 2014) , likely because of the fact that registered clinical trials have strict eligibility criteria. In this regard, we recommend that routine EKG monitoring should be performed in patients receiving VEGFR TKIs. This has become a practice in patients receiving vandetanib and sunitinib, but may be extended to patients receiving other VEGFR TKIs as well.
In conclusion, the use of small-molecule VEGFR TKIs is associated with an increase in the RR and incidence of developing all-grade and high-grade QTc prolongation in a broad range of malignancies. The QTc prolongation was mostly asymptomatic with rare arrhythmias and death. Vandetanib and sunitinib may be particularly associated with a significantly increased risk, with higher doses associated with a greater risk. It is necessary to identify cardiac risk factors, evaluate QTc interval (at baseline and periodically), minimise the use of concomitant QTc prolonging medications, involve a specialised oncology clinical pharmacist early and correct electrolyte abnormalities (hypomagnesaemia, hypokalaemia, hypocalcaemia) in patients on VEGFR TKIs.
